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The Multi-Phase Transport model, AMPT, and the Anomalous Viscous Fluid Dynamics model,
AVFD, are used to calibrate the chiral-magnetically-driven charge separation (∆S) recently mea-
sured with the RΨ2(∆S) correlator in Au+Au collisions at
√
sNN = 200 GeV. The AVFD(AMPT)
calibrations, which aid quantification of the Chiral Magnetic Effect (CME) via the the P -odd Fourier
dipole coefficient a˜1, indicate an increase from a˜1 = 0.50±0.025%(1.0±0.05%) in central collisions to
a˜1 = 2.0± 0.1%(4.0± 0.2%) in peripheral collisions, consistent with a robust but small CME signal.
The calibrations for the ∆γ correlator, using the same AMPT events, suggests that for mid-central
collisions in which the experimental RΨ2(∆S) correlator indicates the value a˜1 ∼ 2.6 ± 0.13%, the
∆γ fraction attributable to the CME, fCME = ∆γCME/∆γ, is only ∼ 10 − 15%, as observed in
preliminary fCME measurements.
PACS numbers: 25.75.-q, 25.75.Gz, 25.75.Ld
Heavy-ion collisions at the Relativistic Heavy Ion Col-
lider (RHIC) and the Large Hadron Collider (LHC)
lead to the production of a magnetized chiral relativistic
quark-gluon plasma (QGP) [1–5], akin to the primordial
plasma produced in the early Universe [6, 7] and sev-
eral degenerate forms of matter found in compact stars
[8]. Pseudo-relativistic analogs include Dirac and Weyl
semimetals [9–11]. The study of anomalous transport in
the QGP can give fundamental insight not only on the
complex interplay of chiral symmetry restoration, axial
anomaly and gluon topology[5, 12–15], but also on the
evolution of magnetic fields in the early Universe [16, 17].
A major anomalous process predicted to occur in the
magnetized QGP is the chiral magnetic effect (CME)
[18]. It is characterized by the vector current:
~JV =
e ~B
2pi2
µA, forµA 6= 0, (1)
where ~B is the magnetic field and µA is the axial chemical
potential that quantifies the axial charge asymmetry or
imbalance between right- and left-handed quarks in the
plasma [18–21]. Experimentally, the CME manifests as
the separation of electrical charges along the ~B-field [1,
18]. This stems from the fact that the CME preferentially
drives charged particles, originating from the same “P-
odd domain”, along or opposite to the ~B-field depending
on their charge.
The charge separation can be quantified via measure-
ments of the first P -odd sine term a1, in the Fourier
decomposition of the charged-particle azimuthal distri-
bution [22]:
dN ch
dφ
∝ [1 + 2
∑
n
vn cos(n∆φ) + an sin(n∆φ) + ...](2)
where ∆φ = φ−ΨRP gives the particle azimuthal an-
gle with respect to the reaction plane (RP) angle, and
vn and an denote the coefficients of the P -even and P -
odd Fourier terms, respectively. A direct measurement
of the P-odd coefficients an, is not possible due to the
strict global P and CP symmetry of QCD. However,
their fluctuation and/or variance a˜n =
〈
a2n
〉1/2
can be
measured with charge-sensitive correlators such as the
γ-correlator [22] and the RΨm(∆S) correlator [23–26].
The γ-correlator measures charge separation as:
γαβ =
〈
cos
(
φ
(±)
α + φ
(±)
β − 2Ψ2
)〉
, ∆γ = γβ − γα,
where φα, φβ denote the azimuthal emission angles for
like-sign (++, −−) and unlike-sign (+−) particle pairs
relative to the 2nd-order event plane, Ψ2, determined by
the maximal particle density in the elliptic azimuthal
anisotropy and the beam axis.
The RΨm(∆S) correlator [23, 24] is constructed for the
mth-order event plane Ψm, as the ratio:
RΨm(∆S) = CΨm(∆S)/C
⊥
Ψm(∆S), m = 2, 3, (3)
where CΨm(∆S) and C
⊥
Ψm
(∆S) are correlation functions
that quantify charge separation ∆S, parallel and per-
pendicular (respectively) to the ~B-field. CΨ2(∆S) mea-
sures both CME- and backgrond-driven charge separa-
tion while C⊥Ψ2(∆S) measures only background-driven
charge separation. The absence of a strong correlation
between the orientation of the Ψ3 plane and the ~B-
field, also renders CΨ3(∆S) and C
⊥
Ψ3
(∆S) insensitive to
a CME-driven charge separation, but not to the back-
ground, so it can give crucial additional insight on the rel-
ative importance of background-driven and CME-driven
charge separation [23, 24].
Recently, the STAR collaboration reported new charge
separation measurements for the RΨm(∆S) correlator,
which gave strong indications for CME-driven charge
separation [? ]. Here, we use the AMPT [27] and
AVFD [28, 29] models with varying degrees of input
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2charge separation, characterized by the dipole term a˜1,
to calibrate the correlator and extract an estimate of the
magnitude of the suggested CME signal. The AMPT and
AVFD models are known to give a good representation
of the experimentally measured particle yields, spectra,
flow, etc.,[27, 30–34]. Thus, they provide a realistic es-
timate for several backgrounds, as well as the interplay
between the CME- and background-driven charge sepa-
ration encountered in actual data.
Anomalous transport from the CME, is implemented
in the AVFD model. An in-depth account of this imple-
mentation can be found in Refs. [29] and [28]. In brief,
the first generation version of the model uses Monte Carlo
Glauber initial conditions to simulate the evolution of
fermion currents in the QGP, on top of the bulk fluid
evolution implemented in the VISHNU hydrodynamic
code, followed by a URQMD hadron cascade stage. A
time-dependent magnetic field B(τ) = B0
1+(τ/τB)
2 , act-
ing in concert with a nonzero initial axial charge den-
sity, is used to generate a CME current (embedded in
the fluid dynamical equations) leading to a charge sep-
aration along the magnetic field. The peak values B0,
obtained from event-by-event simulations [35], are used
with a relatively conservative lifetime τB = 0.6 fm/c. For
the initial axial charge density arising from gluonic topo-
logical charge fluctuations, the commonly used estimate
based on the strong chromo-electromagnetic fields in the
early-stage glasma is adopted. The anomalous transport
in AVFD results in charge separation of the produced
hadrons, quantified by the P -odd Fourier coefficient a1.
Anomalous transport from the CME, is not imple-
mented in AMPT. However, modifications have been
made to the model to mimic CME-induced charge sepa-
ration [36] by switching the py values of a fraction of the
downward moving u (d¯) quarks with those of the upward
moving u¯ (d) quarks to produce a net charge-dipole sep-
aration in the initial partonic phase. Here, the x axis is
along the direction of the impact parameter b, the z axis
points along the beam direction, and the y axis is per-
pendicular to the x and z directions, i.e, the direction of
the proxy ~B-field. The strength of the proxy CME signal
is regulated by the fraction f0 of the initial input charge
separation [25, 36]:
f0 =
N
+(−)
↑(↓) −N+(−)↓(↑)
N
+(−)
↑(↓) +N
+(−)
↓(↑)
, f0 =
4
pi
a1 (4)
where N is the number of a given species of quarks, “+′′
and “−′′ denote positive and negative charges, respec-
tively, and ↑ and ↓ represent the directions along and
opposite to that of the y axis.
The fraction f0, is related to the P -odd dipole coeffi-
cient a1 (cf. Eqs. 2 and 4). However, this initial “par-
tonic” a1 is different from the final hadrons’ a1, imple-
mented in AVFD and other models [28, 29, 37]. A cross-
check of both models indicate that their respective a1
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FIG. 1. Comparison of the measured and simu-
lated RΨ2(∆S) correlators for 30-50% Au+Au collisions at√
sNN = 200 GeV. The AMPT and AVFD model compar-
isons are shown for several a1 values as indicated.
values are linearly related to a very good approximation,
but differ by approximately a factor of two. This differ-
ence is to be expected given the disparity in the imple-
mentation of CME-driven charge separation in the two
models.
Simulated AMPT and AVFD events, generated for a
broad set of a1 values, were analyzed with both the ∆γ
and the RΨ2(∆S) correlators, to facilitate the calibra-
tions necessary for estimating the magnitude of the CME
signal from the respective measurements. Event selec-
tions and cuts included charged particles with |η| < 1.0
and transverse momentum 0.2 < pT < 2 GeV/c. To
enhance the statistical significance of the measurements,
the participant plane ΨPP was determined with charged
hadrons in the range 2.5 < η < 4.0. The charge separa-
tion of charged hadrons in |η| < 1.0 were then measured
relative to ΨPP and ΨRP.
Figure 1 shows a representative comparison between
the experimental RΨ2(∆S
′′
) distribution (open squares)
and those simulated with AMPT events (a) and AVFD
events (b), for 30− 50% central Au+Au collisions. Note
that the charge separation is scaled (∆S
′′
) in these plots
to mitigate the effects of particle-number fluctuations
and the event-plane resolution [23]. The magnitude of
the CME-driven charge separation is encoded in the
widths σRΨ2 , of the concave-shaped RΨ2(∆S
′′
) distri-
butions [23, 24, 26]. The data shows good agreement
with the AVFD(AMPT) distributions obtained with a1 =
1.5± 0.075%(3.0± 0.15%).
To further calibrate the signal strengths, we extracted
the widths σRΨ2 of the RΨ2(∆S
′′
) distributions, obtained
for a broad range of input a1 values, with both models.
Figs. 2 (a) and (b) show representative plots of the inverse
widths σ−1RΨ2 vs. a1 for 10-50% central AMPT events (a)
and 30-50% central AVFD events (b). Both calibration
curves indicate an essentially linear dependence of σ−1RΨ2
on a1 (note the dotted line fits), albeit with slopes that
differ by roughly a factor of two for the same centrality
selection. Such calibration curves for AVFD(AMPT) in-
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FIG. 2. Inverse widths σ−1RΨ2
extracted from the RΨ2(∆S
′′
)
correlator vs. the P -odd dipole coefficient a1. Results are
shown for 10-50% central Au+Au AMPT events (a) and 30-
50% central Au+Au AVFD events.
dicate an increase from a˜1 = 0.50± 0.025%(1.0± 0.05%)
in central collisions, to a˜1 = 1.3 ± 0.065%(2.6 ± 0.13%)
in mid-central collisions, to a˜1 = 2.0± 0.1%(4.0± 0.2%)
in peripheral collisions. This pattern is consistent with
the expected increase in the magnitude of the CME from
central to peripheral collisions, due to (i) an increase in
the ~B-field, (ii) a stronger correlation between the ~B-field
and the event plane and (iii) enhanced axial charge per
entropy.
The CME signal strengths extracted from the data
with the RΨ2(∆S
′′
) correlator, can be used to infer
the CME-driven charge separation measured with the γ-
correlator. This was done via a similar calibration proce-
dure involving the analysis of AMPT/AVFD events with
varying degrees of input signal, as outlined in the follow-
ing.
Recent γ-correlator measurements [38] leverage the ra-
tios of ∆γ and elliptic flow (v2), obtained relative to the
reaction plane (ΨRP) and the participant plane (ΨPP)
r1 =
∆γ(ΨRP)
∆γ(ΨPP)
, r2 =
v2(ΨRP)
v2(ΨPP)
, (5)
to simultaneously constrain the CME and background
(Bkg) contributions to ∆γ [39, 40]:
∆γ(ΨPP) = ∆γCME(ΨPP) + ∆γBkg(ΨPP),
∆γ(ΨRP) = ∆γCME(ΨRP) + ∆γBkg(ΨRP), (6)
and
∆γCME(ΨPP) = r2 ×∆γCME(ΨRP),
∆γBkg(ΨRP) = r2 ×∆γBkg(ΨPP), (7)
where it is assumed that the CME is proportional to the
magnetic field squared and the background (Bkg) is pro-
portional to v2. The fraction of the measured ∆γ(ΨPP),
attributable to the CME, is then estimated as [39];
fCME = ∆γCME(ΨPP)/∆γ(ΨPP) = f1/f2,
where f1 =
r1
r2
− 1 and f2 = 1
r22
− 1. (8)
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FIG. 3. Calibration curve for fCME vs. a1(%) obtained with
10-50% central Au+Au AMPT events with varying degrees
of input charge separation (see Eqs. 4 and 8). The solid point
indicates the fraction fCME ∼ 10 − 15% inferred from the
value a˜1 ∼ 2.6%, obtained for mid-central collisions with the
RΨ2(∆S
′′
) correlator.
The constraints expressed in Eqs. 5 - 8 stem from the
notion that the v2-driven background is more strongly
correlated with ΨPP [determined by the maximal particle
density in the elliptic azimuthal anisotropy and the beam
axis], than with ΨRP [determined by the impact vector ~b
and the beam direction]. By contrast, the ~B-field, which
drives the CME, behaves oppositely – weaker correlation
with ΨPP and stronger correlation with ΨRP.
The AMPT events used to calibrate the RΨ2(∆S)
correlator, were employed in the calibration of the γ-
correlator. The extracted values of v2 and ∆γ, with re-
spect to ΨPP and ΨRP were used to evaluate f1, f2 and
hence, fCME, following the procedure outlined in Eqs. 5 -
8 [39]. Fig. 3 summarizes one of the resulting calibration
curves for mid-central collisions. It indicates that fCME
increases with a1 over the indicated range, but is neg-
ative for a1 . 2.0%. The negative fCME values, which
indicate the detection threshold a˜1 ≈ 2.0, suggest that
the correlator is either (i) unable to make the robust
distinction between signal and background required to
measure the input proxy CME-signal or (ii) the assump-
tions used to estimate fCME are invalid for a1 . 2.0%.
Nonetheless, if one uses the value a˜1 ∼ 2.6% [obtained for
mid-central collisions with the RΨ2(∆S
′′
) correlator] to
estimate fCME, the calibration curve suggests that the
small value of ∼ 10 − 15% is to be expected. Prelimi-
nary fCME measurements for mid-central collisions [38]
are compatible with this estimate.
In summary, AMPT and AVFD model simulations
that incorporate varying degree of input charge separa-
tion, are used to calibrate the chiral-magnetically-driven
charge separation recently measured with the RΨ2(∆S)
correlator in Au+Au collisions at
√
sNN = 200 GeV.
The AVFD(AMPT) calibrations, that quantify the CME
via the the P -odd Fourier dipole coefficient a˜1, indicate
an increase from a˜1 = 0.50 ± 0.025%(1.0 ± 0.05%) in
4central collisions, to a˜1 = 2.0 ± 0.1%(4.0 ± 0.2%) in pe-
ripheral collisions, consistent with the expected patterns
for a robust CME signal. A similar calibration for the
∆γ correlator, indicates that the a˜1 coefficients obtained
with the RΨ2(∆S) correlator, imply a ∼ 10−15% CME-
driven contribution (fCME ∼ 10− 15%) to the measured
∆γ correlator in mid-central collisions. Such a contribu-
tion is consistent with preliminary fCME measurements
for Au+Au collisions at RHIC. These results not only
validate the CME in heavy ion collisions, they further
indicate that the sensitivity of the RΨ2(∆S) correlator al-
lows robust quantification of minimal CME-driven charge
separation in the presence of realistic backgrounds.
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